The extracellular matrix (ECM) plays an active and dynamic role that both reflects and facilitates the functional requirements of a tissue. The mature ECM of the nonpregnant cervix is drastically reorganized during pregnancy to drive changes in tissue mechanics that ensure safe birth. In this study, our research on mice deficient in the proteoglycan decorin have led to the finding that progesterone and estrogen play distinct and complementary roles to orchestrate structural reorganization of both collagen and elastic fibers in the cervix during pregnancy. Abnormalities in collagen and elastic fiber structure and tissue mechanical function evident in the cervix of nonpregnant and early pregnant decorin-null mice transiently recover for the remainder of pregnancy only to return 1 month postpartum. Consistent with the hypothesis that pregnancy levels of progesterone and estrogen may regulate ECM organization and turnover, expressions of factors required for assembly and synthesis of collagen and elastic fibers are temporally regulated, and the ultrastructure of collagen fibrils and elastic fibers is markedly altered during pregnancy in wild-type mice. Finally, utilizing ovariectomized nonpregnant decorin-null mice, we demonstrate structural resolution of collagen and elastic fibers by progesterone or estrogen, respectively, and the potential for both ECM proteins to contribute to mechanical function. These investigations advance understanding of regulatory factors that drive specialized ECM organization and contribute to an understanding of the cervical remodeling process, which may provide insight into potential complications associated with preterm birth that impact 9.6% of live births in the United States. (Endocrinology 158: 950-962, 2017) 
The extracellular matrix (ECM) plays an active and dynamic role that both reflects and facilitates the functional requirements of a tissue. The mature ECM of the nonpregnant cervix is drastically reorganized during pregnancy to drive changes in tissue mechanics that ensure safe birth. In this study, our research on mice deficient in the proteoglycan decorin have led to the finding that progesterone and estrogen play distinct and complementary roles to orchestrate structural reorganization of both collagen and elastic fibers in the cervix during pregnancy. Abnormalities in collagen and elastic fiber structure and tissue mechanical function evident in the cervix of nonpregnant and early pregnant decorin-null mice transiently recover for the remainder of pregnancy only to return 1 month postpartum. Consistent with the hypothesis that pregnancy levels of progesterone and estrogen may regulate ECM organization and turnover, expressions of factors required for assembly and synthesis of collagen and elastic fibers are temporally regulated, and the ultrastructure of collagen fibrils and elastic fibers is markedly altered during pregnancy in wild-type mice. Finally, utilizing ovariectomized nonpregnant decorin-null mice, we demonstrate structural resolution of collagen and elastic fibers by progesterone or estrogen, respectively, and the potential for both ECM proteins to contribute to mechanical function. These investigations advance understanding of regulatory factors that drive specialized ECM organization and contribute to an understanding of the cervical remodeling process, which may provide insight into potential complications associated with preterm birth that impact 9.6% of live births in the United States. (Endocrinology 158: [950] [951] [952] [953] [954] [955] [956] [957] [958] [959] [960] [961] [962] 2017) T he composition and organization of the extracellular matrix (ECM) enable specialized cellular functions, provide physical support for cells (1) , and allow the body to endure mechanical loading from everyday physiologic activity (2, 3) . Within a tissue, the ECM composition and structure can be spatially diverse and undergo dynamic remodeling in response to physiological cues and pathophysiological challenges. Despite the appreciation that the ECM architecture profoundly impacts cell and tissue function, an understanding of regulatory factors that instruct ECM organization is incomplete. In steroid hormone-responsive tissues such as the female reproductive tract and breast, ECM reorganization is critical for normal reproductive function during pregnancy and parturition and with postpartum (PP) tissue involution of the uterus and mammary gland (4) (5) (6) . Cervical remodeling, the process by which the cervix transforms from a closed, rigid structure to a compliant one that can open to allow safe passage of the fetus, is an essential feature of parturition (7) . In a pregnancy that goes to term, dynamic changes in the mechanical function of the cervix during pregnancy result from alterations in the composition and structure of the cervical ECM (4, 8) .
A dramatic reorganization of significant magnitude in the cervical ECM and its direct correlation with mechanical function through pregnancy, parturition, and PP provide a valuable biological system for the identification of factors regulating ECM structure and function. The cervical ECM is comprised of fibril collagens I and III, elastic fibers, proteoglycans, hyaluronan, and matricellular proteins (4, 9, 10) . Levels of the primary structural protein, collagen, remain constant through pregnancy, yet there are dynamic changes in the expressions of other ECM molecules (e.g., hyaluronan and thombospondins 1 and 2) and enzymes that form intermolecular cross-links in collagen, thereby influencing collagen cross-link density, collagen structure, and mechanical strength (11) (12) (13) . During pregnancy, a reduction in collagen cross-links in conjunction with increased collagen turnover results in the laying down of a progressively weaker ECM allowing for softening of the cervix in preparation for birth (4, 14) . These pregnancyspecific temporal changes in the ECM architecture and mechanical properties suggest that the structural reorganization of cervical collagen is potentially regulated by steroid hormones (4, 13, 15, 16) . Although the influence of the estrogen and progesterone on collagen synthesis has been reported in tissues such as the vagina, paraurethral tissues (17) , tendon (18) , skin (19) , and three-dimensional cervical human fibroblasts cultures (20) , the specific roles of progesterone and estrogen in regulating the processing, assembly, and structural reorganization of the cervical ECM through pregnancy have not been defined.
To understand the role of steroid hormones in the modulation of cervical ECM structure and function, we used mice deficient in the proteoglycan, decorin. Decorin is a small proteoglycan that binds collagen and regulates collagen fibril assembly (21) . Decorin-null (Dcn 2/2 ) mice manifest perturbed collagen fibril shape and compromised mechanical integrity in connective tissues such as the tendon and skin (21) . Dcn 2/2 mice are fertile and reproduce normally (22) . In this study, we characterized the ECM structure and mechanics of the uterine cervix in normal and Dcn 2/2 mice and uncovered a novel regulatory role for progesterone and estrogen in collagen and elastic fiber organization and tissue mechanical function during cervical remodeling in pregnancy.
Materials and Methods
Animals and ovariectomized mouse model for hormonal administration Dcn 2/2 mice were generated as described previously (21) . Breeding pairs were bred to C57BL/6 mice to establish a colony at the University of Texas Southwestern Medical Center. The mouse colony was maintained in a barrier facility and the health status of the mice was assessed on a quarterly basis. Mice were housed under a 12-hour light/dark cycle at 22°C. Mice used in this study were 2 to 6 months old and nulliparous. Females were housed with males overnight and then checked for vaginal plug in the morning. The day of vaginal plug was considered as day 0 of pregnancy, and birth of the pups generally occurred in the early morning on day 19. For the experiments in which only wild-type (WT) mice were used, cervical tissues were collected from C57B6/129sv WT mice maintained under the same conditions. All animal studies were conducted in accordance with the standards of humane animal care as described in the National Institutes of Health Guide for the Care and Use of Laboratory Animals. The research protocols were approved by the Institutional Animal Care and Use Committee at the University of Texas Southwestern Medical Center.
Female mice at 7 to 8 weeks of age were ovariectomized and allowed to recover for 2 weeks. A 1-cm incision was made on the back of the neck, a time-release pellet (Innovative Research of America) was inserted, and the skin was closed with wound clips. (1) Ovariectomized mice were implanted with an estrogen pellet to give an estimated per-day release rate of 2 mg (0.05 mg, 21-day release pellet); or (2) ovariectomized mice were given a subcutaneous injection of estrogen (100 mg/d in 100 mL of corn oil) for 2 days to induce progesterone receptors, followed by implantation of a progesterone pellet to give an estimated perday release rate of 1 mg (25 mg, 21-day release pellet). To analyze gene expression profiles, mice were treated with pellets for 10 days, and to assess ECM protein ultrastructure or mechanical function, the mice were treated with steroid pellets for 15 days.
RNA isolation and quantitative polymerase chain reaction
Total RNA was extracted using RNA STAT-60 (Tel-Test B) according to the manufacturer's protocol and treated with DNase I (Ambion) to remove genomic DNA. Complementary DNA was prepared using iScript reverse transcription supermix (Bio-Rad Laboratories). Quantitative polymerase chain reaction (PCR) was performed using SYBR Green and a Prism 7900HT sequence detection system (Applied Biosystems). Gene expression was calculated according to the 2 -DDCt method as described (User Bulletin no. 2; Applied Biosystems). Primer sets used in this study for target genes listed in Supplemental Table 1 were designed and purchased (Invitrogen). The target gene expression was normalized to the expression of the housekeeping gene, cyclophilin B (Ppib).
Preparation of urea extracts from cervical tissues
Frozen tissues were pulverized, suspended in phosphatebuffered saline (PBS) containing protease inhibitors with EDTA (Thermo Scientific), and extracted for 24 hours at 4°C on a rocker. The samples were centrifuged at 13,000 rpm for 15 minutes to separate the PBS soluble protein fraction. The remaining tissue pellet was suspended in urea buffer (6 M urea in PBS), homogenized, and extracted for 24 hours at 4°C on a rocker. The samples were centrifuged at 13,000 rpm for 15 minutes to separate the urea-soluble protein fraction. The urea extracts were dialyzed against distilled water to remove urea. Both PBS and urea-soluble fractions were lyophilized to concentrate the protein. Protein concentration was estimated in a Bradford protein assay (Thermo Scientific) and used for protein blots as described in supplemental information.
Dual imaging of elastin and collagen
Paraffin sections were deparaffinized and antigen retrieval was performed by treating tissue sections with 6 M guanidine HCl/20 mM Tris/50 mM dithiothreitol (pH 8.0) for 15 minutes. After washing with 20 mM Tris (pH 8.0), the slides are treated with 100 mM iodoacetamide in the dark for 15 minutes. The sections were blocked with 10% goat serum (Invitrogen) for 1 hour at room temperature in a moist chamber. Subsequently, the sections were incubated with rabbit anti-mouse tropoelastin antibody at a 1:250 dilution (Elastin Products Company, catalog no. PR385) overnight at 4°C. The sections were washed with PBS and then incubated with Alexa Fluor 546-conjugated secondary antibody (immunoglobulin, heavy and light chains; 1:500 dilution; Life Technologies) in blocking solution for 30 minutes at room temperature. Slides were washed with PBS and coverslips were mounted to the slides with ProLong Gold containing 4 0 ,6-diamidino-2-phenylindole (Life Technologies). Slides were imaged using a Zeiss LSM 510 META NLO microscope.
Electron microscopy
Nonpregnant (NP) mice in metestrus or pregnant mice at gestation days 6, 12, 15, and 18 and 1 day PP mice were perfused with 1% glutaraldehyde/4% paraformaldehyde fixative in 0.1 M sodium cacodylate buffer. Cervical and uterine tissues were removed and fixed in 3% glutaraldehyde/0.1 M sodium cacodylate (pH 7.4) overnight at 4°C. The cervix was dissected out from surrounding vaginal and uterine tissues and was sliced in transverse sections. The tissues were processed as previously described (23) . Briefly, samples were rinsed with 0.1 M sodium cacodylate buffer, postfixed with osmium tetroxide, and en bloc stained with tannic acid and uranyl acetate. Then the tissues were dehydrated through ethanol and embedded in Epon (EMbed-812; Electron Microscopy Sciences). The blocks were trimmed to contain either the subepithelial stromal region or midstromal region and processed for ultrathin sectioning. Thin sections (60 nm) were mounted on formvarcoated grids and counterstained with uranyl acetate and lead citrate. Images were acquired on a Tecnai G2 spirit transmission electron microscope (FEI) at 120 kV, with a side-mounted SIS Morada 11-megapixel CCD camera.
Mechanical Testing
The mechanical and material properties of the mouse cervix through pregnancy have been described (13, 24) . In this study, mechanical tests were evaluated in whole cervical tissue specimens. Briefly, the undeformed width and length of the cervix were measured and two surgical sutures were then threaded through the inner canal. The sutures were attached to custom tensile grips on a universal testing machine (model 5948 MicroTester, Instron 10 N load cell) outfitted with a PBS environmental bath. After adding a small preload, samples were pulled in tension at a rate of 0.1 mm/s until break. Throughout testing, time (seconds), cervical opening (mm), and tensile force (N) were continuously recorded. Stress in the cervical tissue (kPa) was calculated by dividing the force by the cross-sectional area, where the cross-sectional area was defined as the product of the undeformed width and length. Loading curves were generated as cervical opening (mm) vs stress (kPa). The maximum stiffness (kPa/mm) was calculated as the maximum local slope along the loading curve. The yield stress (kPa) was calculated as the highest stress with the maximum local slope, and tissue strength was calculated as the maximum stress sustained by the tissue (i.e., its breaking point).
Desmosine cross-link
Desmosine cross-link was measured via ultraperformance liquid chromatography-electrospray ionization-tandem mass spectroscopy using previously published methods (13) . Briefly, cervical samples were lyophilized, reduced with sodium borohydride, hydrolyzed under vacuum with 6 N hydrochloric acid, resuspended in heptafluorobutyric acid, and lyophilized again. Processed samples were transferred to the Biomarkers Core Laboratory of the Irving Institute for Clinical and Translational Research at Columbia University Medical Center for analysis. For this study, desmosine was quantified to estimate elastin cross-link density. All assays were carried out on a Xevo TQ MS ACQUITY UPLC system (Waters). Desmosine content was normalized by the original dry weight of the tissue (mol/mg).
Statistical analysis
Statistics were performed using Prism software (GraphPad Software). For comparison of multiple groups, one-way analysis of variance (ANOVA) was used followed by a Tukey multiple comparisons test. To compare two groups, a Student t test was used. The values were expressed as mean 6 standard error of the mean (SEM) and considered significant when P , 0.05. Data were normally distributed with similar variances between the groups. WT and null mice were randomly allocated to experiments. The number of animals used and data analysis are explained in the figure legends.
Results

Collagen is not a sole determinant of the mechanical function of the cervix
Similar to collagen fibril defects described in the skin and tendon of Dcn 2/2 mice, transmission electron microscopy (TEM) assessment of collagen fibril ultrastructure in the cervix of NP Dcn 2/2 mice revealed large, abnormally shaped fibrils interspersed among normal fibrils. Subsequent assessment of collagen fibril ultrastructure in the Dcn 2/2 cervix through pregnancy, however, uncovered a transient loss of these scattered, abnormal fibrils. In the NP and day 6 pregnant cervices, large abnormally shaped fibrils were interspersed among normal fibrils, yet by gestation day 12, these abnormal fibrils disappeared [ Fig. 1(a)] . Surprisingly, the abnormal fibrils began to reappear by 1 month PP (Supplemental Fig. 1 ). Not only transient changes but also a spatial pattern of reorganization was evident on gestation day 12, at which point abnormal collagen fibrils were resolved in the subepithelia stroma [ Fig. 1(a) ] but not midstroma [ Fig. 1(b) ]. By gestation day 15 structural defects in collagen were resolved throughout the subepithelia and midstroma regions. The transient loss of abnormal fibrils in the pregnant Dcn 2/2 cervix did not correspond to a decrease in the level of decorin protein expression, which was robustly expressed and closely aligned with collagen fibers in both the NP and pregnant cervix of WT mice (Supplemental Figs. 2 and 3 ). Consistent with the presence of normal collagen fibrils in the Dcn 2/2 cervix at the end of pregnancy, the timing and process of parturition was normal in the Dcn 2/2 mice, indicating that the role of decorin during pregnancy and parturition is dispensable.
To understand the impact of collagen fibril abnormalities on cervical function, tissue mechanical tests were conducted to evaluate tissue stiffness (ability to resist force), strength (maximum stress sustained), and yield stress (stress level at which tissue begins to break) [ Fig. 2(a) ]. Loss of decorin significantly reduced cervical stiffness and strength in the NP and early pregnant cervix and yield stress in the NP cervix. No differences in tissue stiffness, strength, or yield stress were evident between WT and Dcn 2/2 cervices from day 12 through day 18 of gestation, although a deficit in mechanical function reappeared in the Dcn 2/2 mice 1 day PP [ Fig. 2(b) ].
Although the structural abnormalities in collagen corresponded to aberrant mechanical function in the NP and day 6 pregnant cervix, there was less concordance between collagen ultrastructure and mechanical function on day 12 of gestation, when there was regional resolution of abnormal collagen fibrils but normal mechanical function, and on PP day 1, when fibrils appeared normal yet the tissue strength, stiffness, and yield stress were compromised. One interpretation of this disconnect between collagen ultrastructure and mechanical function is the possibility that collagen fibrils are not the sole determinants of the overall mechanical function of the cervix.
Elastic fibers contribute to the mechanical function of the cervix and undergo structural reorganization during pregnancy Loss of decorin has not been reported to impact assembly of structural proteins other than collagen in the ECM, although in vitro studies indicate that decorin can interact with elastic fiber components (25) . Compared with the WT NP cervix, elastic fibers in the NP and day 6 pregnant Dcn 2/2 cervices were disorganized and the microfibrils appeared exposed, suggesting failure or abnormal integration of elastin onto the microfibril scaffold (Fig. 3) . Structural abnormalities in elastic fibers were no longer evident by gestation day 12, but reappeared 1 day PP. The temporal correlation between abnormal elastic fibers and mechanical dysfunction in the Dcn 2/2 cervix suggests that elastin also contributes to the mechanical properties of the cervix. Furthermore, we observed progressive changes in the elastic fiber ultrastructure during the course of a normal pregnancy in the WT cervix. In the WT NP cervix, elastic fibers were long and contained densely-packed elastin integrated into the microfibrils (Fig. 3) . As pregnancy progressed, elastic fibers became shorter and elastin appeared loosely packed on the microfibril with a maximal change on day 18.
Structural changes in elastic fibers in normal pregnancy and the unexpected role of elastin in maintaining cervical integrity in the Dcn 2/2 mouse cervix led us to examine elastogenesis in the pregnant WT mouse in more detail. Similar to collagen, the synthesis, processing, and assembly of elastic fibers represent a complex process involving multiple components (26) (27) (28) (29) (30) Fig. 4 (a); Supplemental Fig. 4 ] were evaluated. Relative to the NP cervix, expression of two core components of the elastic fiber, Eln and Fbn2, were dynamically changed during pregnancy, with a significant increase on gestation day 15 and subsequent decline by gestation day 18. Lox is the most abundant and only temporally expressed gene of the collagen and elastin cross-link forming enzyme, lysyl oxidase, in the cervix (29) . Compared with the NP cervix, Lox expression declined throughout pregnancy and was regained PP. Fibulin 5, important for assembly of elastic fibers, was reduced throughout pregnancy, along with Mfap2 [ Fig. 4(a) ]. The overall pattern of transcript expression was consistent with increased elastic fiber synthesis and reorganization during pregnancy. Temporal changes in expression of messenger RNAs for soluble elastic fiber components during pregnancy correlated with biochemical changes of elastin protein and structural changes of elastic fibers. Consistent with the decline in Lox transcripts, levels of the cross-linked intermediate form of elastin (144 kDa) declined in both PBS and urea-extractable cervix protein fractions, whereas the monomer (72 kDa), which appeared exclusively in the urea-extractable fraction, increased toward the end of pregnancy [ Fig. 4(b) ]. Desmosine, a mature cross-link found only in elastin, was significantly increased on day 6 when compared with NP, and although not statistically significant, there was a trend for reduced desmosine at term [ Fig. 4(c) ].
Immunofluorescence for tropoelastin, used to assess the localization and morphology of elastic fibers, showed preferential elastin staining in the subepithelial stromal region with less staining in the midstroma. In the NP cervix, elastic fibers appeared long and straight. Each fiber was oriented at a right angle to the basement membrane and arborized at the end near the basal epithelia. These fibers became fragmented, blunted, and disoriented and lost their arborization pattern with progression of pregnancy. By 1 day PP, the elastic fiber architecture returned to an appearance similar to NP (Fig. 5) . Temporal changes in the pattern of elastin staining correlated with ultrastructural changes in organization of the elastic fibers shown via TEM (Fig. 3) . We examined the organization of the elastin relative to collagen I by immunofluorescence imaging of elastin and second harmonic generation (SHG) imaging of fibrillar collagen. In the subepithelial stromal region, elastic fibers and collagen were aligned with one another in the NP cervix. During pregnancy, the elastic fibers appeared shortened and randomly oriented whereas collagen fibers appeared wavy (31) (Fig. 5) . Collectively, these data suggest a dynamic reorganization of both collagen and elastic fibers during pregnancy.
Estrogen regulates reorganization of elastic fibers, which, along with collagen, regulate cervical mechanical function
The dramatic structural changes in collagen and elastic fibers through normal pregnancy and transient loss of abnormal collagen and elastic fibers during pregnancy in the Dcn 2/2 cervix [Figs. 1(a) and 3] but not skin (Fig. 6 ) led us to explore the potential role of pregnancy-specific levels of the steroid hormones progesterone and estrogen to directly evoke the structural reorganization of collagen and elastic fibers in reproductive tissues. To independently examine the effects of progesterone vs estrogen, WT NP mice were ovariectomized to remove endogenous hormones and treated with peak pregnancy levels of progesterone or estrogen for 10 days as described in Fig. 7(a) . We evaluated cervical expression of collagen and elastin as well as genes involved in processing and assembly of collagen and elastin fibers [ Fig. 7(b) ]. Col1A1 was induced in response to progesterone treatment. Plod2 was induced by estrogen, whereas Col3A1and Col5A1 were induced in response to either estrogen or progesterone treatment. With respect to elastic fibers, Eln was induced by progesterone or estrogen, and the microfibrillar protein fibrillin 1 was induced in response to estrogen. Lox, which encodes the collagen and elastin cross-linking enzyme, is induced in response to estrogen, consistent with a previous report (32) . In contrast, fibrillin 2 was downregulated by progesterone and Mfap2 was downregulated by estrogen [ Fig. 7(b) ]. Taken together, these results indicate that progesterone induces synthesis of collagen and elastic fiber proteins and estrogen regulates genes involved in elastin synthesis as well as collagen and elastic fiber processing and assembly. The transient phenotype in the Dcn 2/2 mice serves as a valuable tool to test the role of steroid hormones on the structural reorganization of collagen fibrils. To examine the role of progesterone and estrogen in regulation of cervical ECM, NP Dcn 2/2 mice were ovariectomized to remove endogenous hormones as described in Fig. 7(a) with the exception that progesterone or estrogen treatment was prolonged to 15 days. Treatment with progesterone for 15 days efficiently rescued the abnormal collagen fibril phenotype but not elastic fibers [ Fig. 8(a) ]. However, the compromise in mechanical function observed in Dcn 2/2 cervices was not rescued with progesterone Fig. 8(b) ]. This evidence suggests that elastic fibers are significant determinants of cervical mechanical function, and it reveals a novel role for estrogen in regulating the organization of elastic fibers. The specificity of steroid hormones on collagen fibrillogenesis and elastogenesis in the cervix is underscored by the observation that progesterone and estrogen treatment had no effect on the structural abnormalities of collagen and elastic fibers in the skin of Dcn 2/2 animals [ Fig. 8(a) ].
Discussion
The composition and structure of the ECM is a key determinant of cell-and tissue-specific behavior. Improved understanding of regulatory factors that drive the constant remodeling of an ECM environment in health and diseased states are necessary for the development of therapies across a broad range of pathologies that include not only preterm birth but also cancer and tissue fibrosis.
In the present study, we demonstrate that the steroid hormones progesterone and estrogen dictate changes in collagen and elastic fiber architecture, and we demonstrate that both ECM molecules contribute to mechanical function of the cervix. The resolution of abnormal collagen fibrils and elastic fibers in the Dcn 2/2 cervix from early to late pregnancy and the rescue of abnormal collagen or elastic fiber assembly with exogenous progesterone or estrogen, respectively, in ovariectomized Dcn 2/2 mice support a steroid hormone-regulated mechanism by which dynamic reorganization/turnover of the ECM is achieved. The Dcn 2/2 mouse has proved to be a valuable tool to tease out the contributions of progesterone and estrogen to collagen and elastic fiber structure and their direct impact on tissue mechanical function. In the hormonally simplified ovariectomized system, progesterone modulated collagen structure and estrogen modulated elastic fiber structure. During pregnancy, it is likely that both hormones collaborate to regulate structural reorganization of collagen and elastic fibers. Our studies suggest that the pregnancy-specific elevations in steroid levels and the dynamically changing ratio of progesterone to estrogen through pregnancy directly dictate the progressive changes in ECM architecture and mechanical function of the cervix during pregnancy and parturition. In the adult, collagen and elastin typically have half-lives that span years and do not rapidly turnover in normal physiology, with the only notable exception of the female reproductive tract (7, 33, 34) . Using the pregnant Dcn 2/2 cervix as a model system, we provide compelling evidence that progesterone and estrogen exquisitely regulate synthesis, processing, assembly, and structural . In contrast to cervix, abnormal ultrastructure of collagen and elastic fibers persist in skin from pregnant mice. TEM analysis of collagen fibrils and elastic fibers from skin of NP and day 18 (D18) pregnant Dcn 2/2 mice is shown (n = 3 per group). Scale bars: 500 nm for collagen fibrils, 1000 nm for elastic fibers.
organization of collagen and elastic fibers. As depicted in Fig. 9(a) , the temporal shift in the progesterone-toestrogen ratio and level of tissue stiffness corresponds to temporal changes in assembly and structure of collagen and elastic fibers [ Fig. 9(b) ].
The spatially distinct recovery of abnormal collagen fibrils in the pregnant Dcn 2/2 mouse also uncovered a spatial pattern of collagen reorganization in normal cervical remodeling. Reorganization from abnormal to normal collagen fibrils in the Dcn 2/2 cervix followed a radial pattern originating from the luminal epithelium and gradually moving toward the middle and outer stroma. This pattern of reorganization is also supported by a spatial pattern of changes in collagen SHG intensity (Fig. 5) and by the timing of structural reorganization of elastin during the course of pregnancy in the subepithelial stroma (Figs. 3  and 5 ). We suggest that this spatial pattern of reorganization allows the cervix to maintain its mechanical competency and remain closed during the course of gestation while simultaneously undergoing a gradual softening to prepare for parturition. Structural reorganization of collagen and elastic fibers has long been proposed to contribute to cervical changes in pregnancy. Collagen has been considered the primary regulator because it constitutes 72% of the dry tissue weight in the human cervix, whereas elastin constitutes only 1.3% (35) . Recent studies in other connective tissues where elastin is a relatively minor component of the ECM suggest a significant mechanical contribution of elastic fibers that is distinct from collagen. Elastin constitutes only 5% of dry weight in the medial collateral ligament, yet elastic fibers support up to 20% to 30% of total tissue stress in uniaxial extension and are the dominant structural protein resisting shear and transverse deformation of tissue (36) . In addition to direct mechanical function, elastic fibers can also influence mechanical function of collagen fibers (37) . Previous cervical studies also support the idea that collagen is not the sole determinant of cervical mechanical integrity. A study conducted in rat cervix demonstrated that late gestation cervices incubated with collagenase exhibit similar mechanical properties to gestation-matched controls (38) . In mice, mature cervical collagen crosslinks decline to a maximal low by gestation day 15, whereas tissue stiffness continues to decline further with a maximal low at the time of birth, again suggesting that additional reorganization of the ECM is required to achieve the maximal low (12, 13) .
In addition to identifying a contribution of elastic fibers to mechanical function of the cervix, our investigations have unmasked a regulatory role of decorin in assembly of elastic fibers. The compromised mechanical integrity in the early pregnant Dcn 2/2 mouse is akin to the compromised mechanical integrity described in women with cervical insufficiency, in which structural defects of the cervix lead to premature birth in the absence of uterine contraction. In contrast to women, the Dcn 2/2 mice do not suffer from preterm birth. This difference is likely due to the reduced effect of gravitational forces in the quadrupedal mouse as compared with the bipedal mammal. Additionally, partial compensation by other related proteoglycans such as biglycan may mitigate the severity of the defect because mice lacking both decorin and biglycan are reported to have parturition defects with uterine dysfunction (22) . Along with expanding our understanding of the diverse regulators of ECM dynamics, these findings have the potential to identify mechanisms by which mechanical dysfunction of the cervix resulting from structural defects (e.g.,cervical insufficiency), infection, a previous preterm birth or other unknown causes can lead to premature cervical remodeling and a risk of preterm birth. Such insights will be clinically relevant because women with Ehler-Danlos syndrome or Marfan syndrome have connective tissue disorders that include increased risk of preterm birth due to cervical insufficiency and premature rupture of membranes. These syndromes arise from defects in collagen and elastic fiber assembly, including defects synthesis of proteoglycans such as decorin (39) (40) (41) . Furthermore, these studies provide a potential mechanism by which progesterone supplementation in women with a female mice were ovariectomized (OVX) and treated for 15 days with progesterone (P) or 17b-estradiol (E). TEM images of collagen fibril crosssections and elastic fibers in mouse cervix and skin are shown. The abnormal collagen fibrils present in the OVX mouse cervix disappeared in response to P administration but persisted in response to E. In contrast, elastic fibers were not affected in response to P but they were corrected in response to E (n = 3 per group). Hormonal treatments failed to rescue collagen fibril and elastic fiber defects in the skin of Dcn 2/2 mice. Scale bars, 500 nm for collagen fibrils, 1000 nm for elastic fibers. (b) Mechanical testing of cervices from OVX 15 day hormone-treated WT and Dcn 2/2 mice. Administration of P did not rescue tissue stiffness, strength, or yield stress, but E rescued these mechanical parameters in the Dcn 2/2 to a similar level as WT. The values are expressed as mean 6 SEM (n = 4 per group). *P , 0.05 (Student t test).
previous history of preterm birth and a short cervix may reduce risk of preterm birth (42) . Further investigations await confirmation of this possibility. Given the global health burden of premature birth, which impacts 15 million children yearly and results in 1 million deaths with increased risk of life-long health consequences in survivors, an understanding of the regulatory networks by which steroid hormones modulate the cervical ECM has the potential to impact clinical obstetrics via the development of cost-effective therapies or provide improved understanding of women who may benefit from progesterone supplementation during pregnancy, thus reducing the high rate of prematurity worldwide. Figure 9 . Dynamic reorganization of cervical ECM structure and function in pregnancy under control of steroid hormones. (a) The pregnancy-specific temporal change in levels and ratio of progesterone to 17b-estradiol exquisitely regulate collagen and elastic fiber synthesis, assembly, and turnover. Collectively, these changes direct structural reorganization of collagen and elastic fibers, which subsequently alter the mechanical properties of the cervix. Although decorin levels remain high, the function of decorin appears to be dispensable or overridden by the pregnancy-specific levels and actions of progesterone and 17b-estradiol. (b) In the NP cervix, the elastic fiber-rich subepithelial stroma contains collagen and arborized elastic fibers that appear as parallel bundles. During pregnancy the elastic fibers shorten and lose their arborization pattern, and collagen fiber structure is preferentially altered in the subepithelial stroma, as evidenced by reductions in SHG signal intensity in WT mice and preferential spatial rescue of collagen fibers from the subepithelia toward the midepithelial region in the Dcn 2/2 mice. Utilizing this hormone-regulated temporal and spatial pattern of ECM reorganization, the cervix progressively remodels and softens to prepare for parturition.
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